Introduction
Fatty acids (FA) and their metabolites (e.g., triacylglycerol, TAG) are some of the most important nutrients in vegetable oils. Most seed oils consist predominantly of TAGs, which are esters of FAs with glycerol (1) . In addition to common FAs, some seed oils contain unusual FAs. For example, ricinoleic acid is the most abundant FA in castor oil, while the edible mushroom Cantharellus cibarius contains a high amount of acetylenic FA (2) . It was found that minor constituents of seed oils can cause detrimental health effects such as sterculic acid and malvalic acid in cotton seed oil (3) . Consequently, reliable analytical methods for FAs are extremely important. Because of analytical difficulties with intact TAGs, the lipids in analytical samples are transformed into several derivatives. FA contents in food are usually analyzed in the form of fatty acid methyl esters (FAMEs), which can be prepared by acid-or alkali-catalyzed transesterification (4) (5) (6) . However, these methods are known to have several drawbacks. For example, conjugated linoleic acids (CLAs) can be decomposed (7) . It is well-known that some unusual FAs can be degraded into a mixture of non-natural derivatives during common analytical procedures. Cyclopropene-containing FAs, toxic constituents of cotton seed oil can be polymerized (8) . In overall, it is necessary to develop more reliable transformation methods for accurate measurement of FA constituents in food or in biological samples. Industrial applications of enzymes are commonly found in the food industry, pharmaceuticals, cosmetics, and household products (9, 10) . Several depolymerizing enzymes (e.g., amylase, cellulose, pectinase, etc.) are used for the production of simple sugars or for the removal of polymers, while lipases are currently one of the most important elements in the production of biodiesel (10) . Among numerous enzymes, thermostable lipases and xylanases are widely used in industrial and research purposes (11) . Some microbial lipases have additional interesting features. For example, lipase B from Candida antartica is compatible with many organic solvents (e.g., hydrocarbons, alcohol, and toluene) and is thermo-stable (12) . These properties make microbial lipase ideal tools for biodiesel production. Lipases from animal resources (e.g., procine pancreatic lipase) can be used to produce modified TAGs from other lipids (13) . Several applications of lipases have been reported in relation to structural analysis of lipids. For example, lipases from Muccor miehei and Rhizopus oryzae were used to analyze the positional composition of FAs on TAGs (14, 15) . And many lipase-catalyzed methods for FAME analysis were reported (13) (14) (15) (16) . However, its application on unusual lipids was limited.
The objective of this study is to develop enzymatic methods for the determination of FA contents in seed lipids with resin-bound lipase. FAMEs from various seed oils were prepared with the lipase. The reaction conditions, including temperature, substrate structures and reaction time were optimized and the seed lipids with unusual FAs were analyzed using the improved method.
Materials and Methods
Materials Soybean oil, castor oil (Ricinus communis), and jojoba oil (Simmondsia chinensis) were obtained from a local market. The following seeds were purchased from commercial providers: Firmiana simplex, Helichrysum sp., Hydnocarpus kurzii, Litchi chinensis, Momordica cochinchinensis, Osteospermum sp., Pinellia ternata, and Raphanus sativus. Lipase B from Candida antartica, immobilized on acrylic resin (Novozyme 435) was kindly provided by Daejong Co. (Seoul, Korea). Solvents and other reagents were obtained from Sigma-Aldrich Korea, Alfa Aesar Korea, and Samchun Co. (Seoul, Korea).
Extraction of triacylglycerols from seeds Seeds were pulverized with a high speed blender (Warring, Stamford, CT, USA). Powdered samples (1 g) were extracted for 6 h with n-hexane (50 mL) using a Soxhlet extractor. After removal of the solvent under reduced pressure, the residue was dissolved in toluene (20 mL) and used for transesterification experiments as described below.
Chemical methods for fatty acid methyl esters Two different acidcatalyzed methods were tested: methanolic HCl (method A) and BF 3 -methanol (method B). For the chemical transesterification experiments, soybean oil was used. Methanolic HCl was prepared from concentrated hydrochloric acid (20 mL) and methanol (80 mL). Aliquots of oils (5-10 mg) were mixed with toluene (2 mL) and methanolic HCl (1 mL) or BF 3 -methanol (1 mL). The mixture was heated to 80 o C for 1 h. After cooling, water (5 mL) and hexane (5 mL) were added and the mixture was briefly shaken. The organic layer was collected and washed with water (5 mL) then passed through a short column of anhydrous sodium sulfate. The eluates were concentrated to dryness. The residue was dissolved in n-hexane (2 mL) and used for gas chromatographymass spectrometry (GC-MS). To test the reaction efficiency, the method B were applied on selected seed TAGs, containing unusual fatty acids and the results were compared with those from enzymatic method.
Enzymatic transesterification For the optimization study, commercial soybean oil was used. Novozym 435 (1, 5, 10, 50, and 100 mg) was added to an oil solution (5-10 mg oil in 2 mL of toluene). MeOH (0.5 mL) was added and mixed thoroughly. The mixture was heated to room temperature, 40, 60, and 80 o C for defined periods (30 min, 1, 2, or 4 h). After cooling, aliquots of the solution were collected and analyzed with GC-MS. The reactivity of unusual FAs was tested with seed-extracted triacylglycerols under the above optimized conditions. To determine the stability of catalytic activity at elevated temperatures (60 and 80 o C), the enzyme bead (50 mg), previously used for the same reaction with soybean oil, was washed with hexane (3 mL×3) and dried under vacuum for 1 h. The dried Novozym 435 bead was repeatedly used for the above-mentioned transesterification reaction. The stability was expressed as the ratio of FAME obtained from soybean oil (1 mg) in each run compared to the amount in the initial reaction. All experiments, including chemical and enzymatic reactions were performed in triplicates.
Stastical analysis Standard deviations and averages of experimental data were calculated with Statistica (StatSoft Inc., Tulsa, OK, USA). 
Results and Discussion
Chemical transesterification Soybean oil was transformed into FAMEs using chemical methods. In general, the BF 3 -methanol method (method B) was superior to the methanolic HCl method (method A) ( Table 1) . It is well-known that method A usually takes a long reaction time (16) . Appreciable amounts of free FAs and monoacylglycerols were found in samples produced with method A. Complete conversion of acylglycerol by this protocol was achieved after 4 h while the reaction with method B was completed within 1 h. BF 3 -methanol (method B) is one of the most common acidic catalysts for FAME analysis (17) . The method can be applied to various lipids, including triacylglycerols, phospholipids, and sphingolipids. In addition, short reaction time is another important advantages of this method over method A (17) . However, the reagent is harmful and several artifacts have been reported (18) . In this study, the analytical results from method B were used for the comparison of enzymatic reactions.
Temperature effects on enzymatic transformation The enzymatic conversion rate was found to be highly dependent on temperature (Table 1) . A limited amount of triacylglycerol was converted to FAMEs at room temperature and at 40 o C with Novozym 435. According to the GC-MS analysis, the major components at these conditions were free FAs (e.g., oleic acid, and palmitic acid) and monoacylglycerol (glycerol ester of oleic and palmitic acids). However, triacylglycerol from soybean oil was rapidly converted to FAMEs at 60 and 80
Further optimization studies were performed at both temperatures.
Effects of enzyme amounts and reaction time To optimize the amount of the catalysts, different quantities of Novozym 435 were treated at 60 and 80 o C for 1 h, with the amounts of the other reagents fixed as described in the experimental section. According to GC-MS, complete conversion was achieved with 50 and 100 mg of Novozym 435. Smaller amounts of enzyme (10 mg) yielded less transformation (Fig. 1) . In general, higher reaction rates were observed at 80 o C. In consideration of the above results, the optimum conditions were selected as 50 mg enzyme and 80 o C for the reaction. The reaction time was optimized at these conditions. The concentration of FAMEs increased rapidly within 60 min and there were no noticeable changes observed at 90 and 120 min (Fig. 1) . In overall, the optimized conditions for Novozym 435-catalyzed FAME synthesis were summarized as 5-10 mg lipid, 0.5 mL MeOH, and 50 mg enzyme in 2 mL of toluene, 80 o C for 1 h (method C).
Stability of catalytic activity during repeated use Enzymes are generally considered expensive catalysts for synthetic applications. Other obstacles to chemical synthesis are catalytic stability at high temperatures and in organic solvents. However, a number of thermostable enzymes are frequently used in industry (19) . In addition to its stability at elevated temperatures, Novozym 435 is well-known to be compatible with many different organic solvents (12, 20) . In this study, the catalytic stability during repeated use was tested at two different temperatures. FAME conversion during 1 h of reaction was evaluated with re-cycled enzyme from the previous reaction. The residual activities were 80 and 100% at 80 and 60 o C after 10 cycles (Fig. 2 and 3) . The results indicated that Novozym 435 is a promising catalyst for FAME production.
Structures of lipids on enzymatic activity Enzyme-catalyzed reactions frequently occur in a structure-selective manner. For example, several lipases were successfully applied for the chiral resolution of racemic drugs (21) . However, stereo-selectivity can be a serious drawback when the catalysts are used for structurally diverse Relative conversion (%) of triacylglycerol to FAME, compared to BF 3 -methanol method.
3)
For the experiment, oil (1 mg) was reacted with methanol (0.5 mL) or Novozym 435 (100 mg) in toluene (2 mL) at the specified temperatures for 1 h. substrates. Common structural features of FAs in foods and other biological samples are (a) straight-chained, (b) 10-22 carbons, and (c) 0-6 cis-double bonds. However, numerous microorganisms and plants can produce lipids with unusual FAs. For example, cyclopropaneFAs (e.g., dihydrosterculic acid and lactobacillic acid) are useful biomarkers for lactic acid-producing bacteria and are used for the production of dairy products (22) . In this study, lipids with unusual FAs were prepared from various seeds or vegetable oils and the catalytic efficiency of Novozym 435 was tested. The selected seeds and oils are known to contain unusual FAs, including FAs with aromatic or alicyclic rings (e.g., cyclopropene, cyclopropane, cyclopentene, and phenyl), triple bonds, conjugated polyenes, and hydroxyl groups (23) (24) (25) (26) (27) (28) (29) (30) (31) . Major lipids in jojoba oil are fatty wax (esters of common FAswith long-chain fatty alcohol), rather than TAG (32) . The marker FAs for each lipid are summarized in Table 2 . Seed lipids from H. kurzii and P. ternata contain cyclopentene-and phenylteminated FAs, respectively (26, 29) . The concentrations of these FAs produced with Novozym 435 were similar to those produced using the acid-catalyzed method (Table 2 ) and the result well-coincided with the literature (26, 29) . Hydroxylated FAs are usually minor constituents of plant lipids. However, some plant seeds, including Osteospermum spp., castor bean (Ricinus communis), and Trewia spp. contain high amounts of hydroxy FAs (28, 31, 33) . In addition to TAGs, some of these plants can produce estolides, which are polyesters of hydroxy FAs and TAGs (33) . The contents of hydroxy FAs in Osteospermum seed and castor oil were close to the literature values (28, 33) , indicating that the enzymatic method used in this study is applicable to hydroxy FA-containing TAGs. Although polyunsaturated FAs (PUFAs) are some of the most common FAs in plant lipids, conjugated PUFAs are found in a limited number of plants. Eleostearic acids (α-and β-acid) are the most abundant FAs in Momordica seed TAGs (27) . Radish seed (Raphanus sativus) is used in Chinese medicine. Recent study indicates that Brassica seeds contain unusually high amounts of eicosenoic acids and docosenoic acids. According to this study, the concentrations of both acids were 39-41% of total FAs, which coincides with the literature (30) . In general, the results from BF 3 -MeOH (method B) and Novozym 435 (method C) were closely correlated. However, the concentrations of marker acids in some 
Percent of conversion of TAG or lipids to total FAMEs by Novozym 435, compared to BF 3 -MeOH method.
2)
Percent of marker fatty acid FAME to total FAMEs, measured by BF 3 -MeOH (B) and Novozym 435 method (C).
3)
Respective N and Y for statistically not different and different between methods, p<0.05. Common FAMEs include hexadecenoic acid, palmitic acid, linolenic acid, linoleic acid, stearic acid, and eicosanoic acid.
4)
ND, Not determined lipids (Firmiana, Litchi, and Helichrysum) were significantly different, depending on the method ( Table 2 ). The results from enzymatic method were more closely related to the literature values than method B. For example, cyclopropene-/cyclopropane-containing FAs (sterculic acid and dihydrosterculic acid) were successfully derivatized to the corresponding FAMEs by optimized enzymatic method (method C) (Fig. 4) . It has to be mentioned that base-catalyzed methods (e.g., sodium methoxide) are much more commonly used to prepare methyl esters of cyclopropenoic/acetylenic FA (25, 34, 35) . Although the enzymatic method (method C) was either equally efficient or superior to method B, lipase-catalyzed transesterification was not a promising methods for fatty wax (jojoba oil) ( Table 2 ). The conversion of total lipids to FAMEs by enzymatic method was approximately 89% of method B.
In overall, Novozym 435 is an extremely useful catalyst for FAME preparation from TAGs. Its advantages over the chemical method are a) short analysis time since no additional procedures (e.g., solvent extraction, dehydration, and evaporation etc.) are required, b) repeated use, and c) strong activity with diverse FAs.
